Introduction
============

Bioenergy production from waste streams is a key component in the global development of sustainable energy sources (Demirel *et al*., [@b14]). Indeed, anaerobic digestion (AD) is poised to replace aerobic microbiological treatments as the core process of waste‐to‐energy technologies for enhanced sustainability in the coming decades (Verstraete and Gusseme, [@b51]). During AD, organic substrates are sequentially degraded by fermentative and acetogenic bacteria to simple precursor compounds, such as acetate, H~2~/CO~2~, formate and methanol, from which methanogenic *Archaea* produce a methane‐rich biogas. Temperature can influence the rate and path of carbon flow during methanogenesis by affecting the activity of particular microbial groups and the structure of the microbial consortia (O\'Reilly *et al*., [@b38]; McKeown *et al*., [@b34]; Siggins *et al*., [@b43]).

Low‐temperature AD (LTAD) has emerged as an economically attractive waste treatment strategy, which confers considerable advantages over conventional mesophilic (∼ 30°C) and thermophilic (∼ 55°C) treatments, primarily due to the capacity to treat the wide variety of cool, dilute wastewaters, previously considered as not suitable for AD (McKeown *et al*., [@b33]). LTAD has been successfully applied at laboratory‐ and pilot‐scale, using a variety of reactor types, for the treatment of a broad range of wastewaters (for example, Lettinga *et al*., [@b28]; Collins *et al*., [@b11]; [@b10]; McHugh *et al*., [@b32]; Syutsubo *et al*., [@b45]; Bergamo *et al*., [@b4]; McKeown *et al*., [@b33]). LTAD is an attractive technology because the process is stable, simple to operate and requires very low energy input. Improved reactor designs enable high rates of methanogenic conversion at low temperatures through a combination of: (i) high mixing intensities (i.e. facilitating high rates of mass transfer); and (ii) enhanced retention of psychro‐active biomass (Lettinga *et al*., [@b28]; Alvarado‐Lassman *et al*., [@b2]; McKeown *et al*., [@b33]). However, failure of the bioreactors to retain granular sludge during LTAD may lead to severe hydraulic washout of psychro‐active sludge (Lettinga *et al*., [@b27]). Therefore, non‐granule‐based systems using inert nuclei to promote re‐granulation could be of advantage during psychrophilic reactor operation (McKeown *et al*., [@b35]).

Knowledge gaps remain, however, regarding the nature and function of the microbial populations involved in LTAD, which are a deterrent to full‐scale applications (McKeown *et al*., [@b35]; [@b33]). This information deficit is mainly due to the complex relationship between wastewater characteristics, process conditions and dynamics in microbial community structure. In an attempt to link microbial functional groups with process performance, we studied community dynamics in two different methanogenic anaerobic reactor configurations \[i.e. an inverted fluidized bed (IFB) containing fixed fluidized biomass on the support particles and an expanded granular sludge bed (EGSB) containing crushed granular biomass\], during operational temperature transitions from 37°C to 25°C, and from 25°C to 15°C. The present study is a continuation of the experiment described in Bialek and colleagues ([@b5]), therefore a similar experimental approach has been employed. The methanogenic community structure and dynamics were examined qualitatively by DGGE and quantitatively by real‐time PCR, the results were then statistically analysed and compared. We hypothesized that the process performance and microbial community structure and dynamics can be influenced by the reactor configuration during transition from mesophilic to psychrophilic reactor operation and by changes applied to the loading rate and hydraulic retention time (HRT).

Results
=======

Process performance
-------------------

The process efficiency depended on the operational temperature (Fig. [1](#f1){ref-type="fig"}): during operation at 37°C (period I) and 25°C (period II), the replicated IFB and EGSB reactors exhibited a similar level of performance exceeding 80% COD removal efficiency (RE) and elimination capacity (EC) of 139 ± 13 and 148 ± 8 mg COD l^−1^ h^−1^ for IFB1 and IFB2; and EC of 152 ± 8 and 155 ± 8 mg COD l^−1^ h^−1^ for EGSB1 and EGSB2) and \> 80% protein removal efficiency (PRE; Fig. [1](#f1){ref-type="fig"}); with \> 60% methane content in the biogas (data not shown). The effluent concentrations of volatile fatty acids (VFA) fluctuated, with maximum values of \> 1500 mg COD l^−1^ in the IFB and EGSB reactors.

![Process performance of the inverted fluidized bed (IFB): (A) IFB2 and (B) IFB1; and expanded granular sludge bed (EGSB): (C) EGSB2 and (D) EGSB1 reactors.](mbt0005-0738-f1){#f1}

The decrease in operational temperature to 15°C resulted in a gradual reduction in the treatment efficiency, an instantaneous decrease in residual VFA concentrations (\< 200 mg COD l^−1^) and a significant drop in PRE, to 60% (Fig. [1](#f1){ref-type="fig"}). The IFB reactors, however, recovered after the temperature decrease and recorded stable \> 70% COD RE within 30 days (Fig. [1](#f1){ref-type="fig"}). The EGSB reactors displayed a greater initial decline in performance (EGSB1 to 60% COD RE, EC of 105 mg COD l^−1^ h^−1^ and EGSB2 to 50% COD RE, EC of 86 mg COD l^−1^ h^−1^), although EGSB1 returned to a more stable COD RE afterwards (Fig. [1](#f1){ref-type="fig"}).

The applied HRT was increased to 48 h on day 294, resulting in an increase in the treatment efficiency of all four reactors (Fig. [1](#f1){ref-type="fig"}). An unexpected temperature decrease (to 6°C), due to a heating pump failure on day 350, destabilized all systems but a more pronounced deterioration in the PRE (13% PRE) was observed in the EGSB system (Fig. [1](#f1){ref-type="fig"}). After recovery and stabilization, where the COD RE of all four reactors exceeded 80%, the applied HRT to both systems was reduced to 36 h, on day 409. Interestingly, the performance of the IFB reactors remained very stable with \> 78% COD RE and \> 77% PRE (Fig. [1](#f1){ref-type="fig"}), while a significant transient drop in the treatment efficiency of the EGSB reactors occurred (to 50% COD RE and 55% PRE; Fig. [1](#f1){ref-type="fig"}).

Bacterial DGGE and UPGMA cluster analysis
-----------------------------------------

Comparative polymerase chain reaction‐denaturing gradient gel electrophoresis (PCR‐DGGE) analysis of the bacterial populations in the reactors identified configuration‐dependent differences. Unweighted pair group method with arithmetic mean (UPGMA) cluster analysis revealed that the composition and development of the bacterial portion of the microbial communities in the IFB and EGSB reactors was distinctively different (e.g. \< 58% similarity between IFB2 and EGSB2; Fig. [2](#f2){ref-type="fig"}) during the trial. Identical DGGE profiles (100% similarity) were recorded from the IFB reactor at 37°C (IFB T1) and 25°C (IFB T2). The profiles changed, however, following the temperature reduction to 15°C (IFB T3abcd; 72% similarity). Likewise, similar communities (\> 95% similarity) at 37°C (EGSB T1) and 25°C (EGSB T2) within the EGSB reactor changed immediately after temperature reduction to 15°C (EGSB T3ab; 86% similarity). Furthermore, subsequent changes in the EGSB bacterial populations (EGSB T3cd) resulted in \< 72% similarity to the former profiles (Fig. [2](#f2){ref-type="fig"}).

![Unweighted pair group method with arithmetic mean (UPGMA) cluster analysis of the 16S rRNA gene fragments generated from bacterial denaturing gradient gel electrophoresis (DGGE) profiles of IFB2 and EGSB2 biomass. Similarity calculated by Sørensons (Bray--Curtis) distance measurement. B1--B30 indicates bands used for sequencing and phylogenetic analyses.](mbt0005-0738-f2){#f2}

Bacterial and archaeal phylogenetic analysis
--------------------------------------------

In total, 30 DGGE bands, designated as B1--B30, were retrieved from the bacterial DGGE gel and used for subsequent sequencing analysis. Ten bands out of the 30 (B1, B2, B7, B10, B11, B16, B18, B19, B20, B24) were unique to the IFB reactor and 15 common bands were noted between the IFB and EGSB reactors (Table [1](#t1){ref-type="table"}; Fig. [3](#f3){ref-type="fig"}A). In the archaeal DGGE gel, a total of 9 bands (A1--A9) were retrieved and sequenced (Table [2](#t2){ref-type="table"}; Fig. [3](#f3){ref-type="fig"}B).

![Neighbour‐joining tree illustrating the phylogenetic affiliations of the 16S rRNA gene sequences obtained from: (A) bacterial DGGE bands B1--B30 (accession numbers: JF927800--JF927829) and (B) archaeal DGGE bands A1--A9 (accession numbers: JF952003--JF952011). Reactor biomasses containing the respective bands are given in parenthesis.](mbt0005-0738-f3){#f3}

###### 

Phylogenetic affiliation of the 16S rRNA gene sequences from bacterial DGGE bands B1--B30 (accession numbers: JF927800--JF927829).

  Band number                        Nearest species and taxon              Phylogenetic affiliation to phylum   Similarity (%)   Accession No.   Reactor biomasses containing the respective bands
  ---------------------------------- -------------------------------------- ------------------------------------ ---------------- --------------- --------------------------------------------------------------------------------------------------------
  B1 JF927800                        *Rikenellaceae* bacterium              *Bacteroidetes*                      99               AB298736        IFB T3d (day 430)
  B2 JF927801                        *Rikenellaceae* bacterium              *Bacteroidetes*                      100              AB298736        IFB T3d (day 430)
  B3 JF927802                        Uncultured *Bacteroides* sp.           *Bacteroidetes*                      100              EU214534        EGSB T1 T2 T3ab (days 106, 195, 298, 365)
  B4 JF927803                        Uncultured *Deltaproteobacteria*       *Proteobacteria*                     99               CU918377        Seed; IFB&EGSB T1 T2 T3 abcd (days 106, 195, 298, 365, 409, 430)
  B5 JF927804                        *Bacillus macyae*                      *Firmicutes*                         98               NR025650        Seed; IFB&EGSB T1 T2 T3 abcd (days 106, 195, 298, 365, 409, 430)
  *Bacillus alkalidiazotrophicus*    *Firmicutes*                           98                                   NR044420                         
  *Anaerobacillus alkalilacustre*    *Firmicutes*                           98                                   DQ675454                         
  B6 JF927805                        Uncultured anaerobic bacterium         *Bacteroidetes*                      99               AY953210        IFB&EGSB T1 T2 T3 abcd (days 106, 195, 298, 365, 409, 430)
  B7 JF927806                        Uncultured *Bacteroidetes* bacterium   *Bacteroidetes*                      99               JN998178        IFB T1 (day 106)
  B8 JF927807                        Uncultured anaerobic bacterium         *Bacteroidetes*                      99               AY953210        IFB&EGSB T1 T2 T3 abcd (days 106, 195, 298, 365, 409, 430)
  B9 JF927808                        Uncultured anaerobic bacterium         *Bacteroidetes*                      99               AY953210        IFB&EGSB T1 T2 T3 abcd (days 106, 195, 298, 365, 409, 430)
  B10 JF927809                       *Fusibacter* sp.                       *Firmicutes*                         96               AF491333        IFB T3d (day 430)
  *Fusibacter paucivorans*           *Firmicutes*                           95                                   NR024886                         
  B11 JF927810                       *Porphyromonadaceae* bacterium         *Bacteroidetes*                      99               GU247220        IFB T1 T2 T3a (days 106, 195, 298)
  *Parabacteroides* sp.              *Bacteroidetes*                        98                                   JN029805                         
  B12 JF927811                       *Bacteroidetes* bacterium              *Bacteroidetes*                      99               AB623230        IFB&EGSB T1 T2 T3 abcd (days 106, 195, 298, 365, 409, 430)
  B13 JF927812                       Uncultured *Bacteroidetes* bacterium   *Bacteroidetes*                      100              CU926896        IFB&EGSB T1 T2 T3 abcd (days 106, 195, 298, 365, 409, 430)
  B14 JF927813                       Uncultured anaerobic bacterium         *Bacteroidetes*                      99               AY953210        IFB&EGSB T1 T2 T3 abcd (days 106, 195, 298, 365, 409, 430)
  B15 JF927814                       *Clostridium* sp.                      *Firmicutes*                         97               HQ326746        EGSB T2 T3 abcd (days 195, 298, 365, 409, 430)
  *Clostridium lactatifermentans*    *Firmicutes*                           97                                   NR025651                         
  B16 JF927815                       *Parabacteroides* sp.                  *Bacteroidetes*                      99               JN029805        IFB T3 abcd (days 298, 365, 409, 430)
  *Porphyromonadaceae* bacterium     *Bacteroidetes*                        99                                   GU247220                         
  B17 JF927816                       *Pseudomonas* sp.                      *Proteobacteria*                     99               HM468091        Seed
  B18 JF927817                       *Bacteroidetes* bacterium              *Bacteroidetes*                      99               AB623230        IFB T1 T2 T3 a (days 106, 195, 298)
  B19 JF927818                       *Fusibacter* sp.                       *Firmicutes*                         96               AF491333        IFB T3 bcd (days 365, 409, 430)
  *Fusibacter paucivorans*           *Firmicutes*                           96                                   NR024886                         
  B20 JF927819                       *Clostridiaceae* bacterium             *Firmicutes*                         98               AB298771        IFB T1 T2 T3 abcd (days 106, 195, 298, 365, 409, 430)
  *Clostridium aminobutyricum*       *Firmicutes*                           98                                   X76161                           
  B21 JF927820                       *Acetobacterium carbinolicum*          *Firmicutes*                         99               AB546239        IFB&EGSB T3 abcd (days 298, 365, 409, 430)
  *Acetobacterium psammolithicum*    *Firmicutes*                           99                                   AF132739                         
  B22 JF927821                       Uncultured *Clostridium*               *Firmicutes*                         97               GQ390389        EGSB T2 T3 abcd ( days 195, 298, 365, 409, 430)
  B23 JF927822                       *Proteocatella sphenisci*              *Firmicutes*                         99               NR041885        IFB&EGSB T1 T2 T3 abcd (days 106, 195, 298, 365, 409, 430)
  B24 JF927823                       Uncultured *Firmicutes*                *Firmicutes*                         100              CU926541        IFB T3 abcd (Day 298, 365, 409, 430)
  B25 JF927824                       *Syntrophobacter pfennigii*            *Proteobacteria*                     95               NR026232        Seed; IFB&EGSB T1 T2 T3 abcd (days 106, 195, 298, 365, 409, 430)
  *Syntrophobacteraceae* bacterium   *Proteobacteria*                       94                                   FJ040958                         
  *Syntrophobacter wolinii*          *Proteobacteria*                       94                                   NR028020                         
  B26 JF927825                       Uncultured *Pelospora*                 *Firmicutes*                         100              HQ183799        Seed; IFB T1 T2 T3 cd (days 106, 195, 409,430); EGSB T1 T2 T3 abcd (days 106, 195, 298, 365, 409, 430)
  B27 JF927826                       *Atopobium* sp.                        *Actinobacteria*                     95               HQ616400        IFB&EGSB T1 T2 T3 abcd (days 106, 195, 298, 365, 409, 430)
  B28 JF927827                       *Syntrophobacter sulfatireducens*      *Proteobacteria*                     100              NR043073        IFB&EGSB T1 T2 T3 d (days 106, 195,430)
  B29 JF927828                       *Syntrophomonas wolfei*                *Firmicutes*                         97               DQ666176        Seed; IFB&EGSB T1 T2 T3 abcd (days 106, 195, 298, 365, 409, 430)
  B30 JF927829                       Uncultured *Geobacter*                 *Proteobacteria*                     99               EF658630        EGSB T1 T2 (days 106, 195)

###### 

Phylogenetic affiliation of the 16S rRNA gene sequences from archaeal DGGE bands A1--A9 (accession numbers: JF952003--JF952011).

  Band number                       Nearest species and taxon         Phylogenetic affiliation to order   Similarity (%)   Accession No.   Reactor biomasses containing the respective bands
  --------------------------------- --------------------------------- ----------------------------------- ---------------- --------------- ------------------------------------------------------------------
  A1 JF952003                       *Methanocorpusculum sinense*      *Methanomicrobiales*                99               FR749947        Seed; IFB&EGSB T1 T2 T3 abcd (days 106, 195, 298, 365, 409, 430)
  *Methanocorpusculum labreanum*                                      99                                  NR029086                         
  *Methanocorpusculum bavaricum*                                      99                                  AY196676                         
  *Methanocorpusculum parvum*                                         99                                  AY26043                          
  A2 JF952004                       *Methanocorpusculum sinense*      *Methanomicrobiales*                99               FR749947        IFB T3 bcd (days 365, 409, 430)
  *Methanocorpusculum labreanum*                                      99                                  NR029086                         
  *Methanocorpusculum bavaricum*                                      99                                  AY196676                         
  *Methanocorpusculum parvum*                                         99                                  AY26043                          
  A3 JF952005                       *Methanocorpusculum sinense*      *Methanomicrobiales*                99               FR749947        IFB T3 bcd (days 365, 409, 430)
  *Methanocorpusculum labreanum*                                      99                                  NR029086                         
  *Methanocorpusculum bavaricum*                                      99                                  AY196676                         
  *Methanocorpusculum parvum*                                         99                                  AY26043                          
  A4 JF952006                       *Methanosaeta concilii*           *Methanosarcinales*                 99               NR028242        Seed; IFB&EGSB T1 T2 T3 abcd (days 106, 195, 298, 365, 409, 430)
  A5 JF952007                       *Methanosaeta concilii*           *Methanosarcinales*                 100              NR028243        Seed; IFB&EGSB T1 T2 T3 abcd (days 106, 195, 298, 365, 409, 430)
  A6 JF952008                       *Methanobacterium beijingense*    *Methanobacteriales*                99               EU544027        EGSB T1 T2 (days 106, 195)
  A7 JF952009                       *Methanobacterium petrolearium*   *Methanobacteriales*                99               AB542742        EGSB T3 abcd (days 298, 365, 409, 430)
  *Methanobacterium formicicum*                                       98                                  HQ591420                         
  *Methanobacterium ferruginis*                                       98                                  AB542743                         
  *Methanobacterium subterraneum*                                     98                                  DQ649330                         
  *Methanobacterium palustre*                                         98                                  DQ649333                         
  A8 JF952010                       *Methanospirillum hungatei*       *Methanomicrobiales*                99               AB517987        EGSB T3 abcd (das 298, 365, 409, 430)
  A9 JF952011                       *Methanobacterium petrolearium*   *Methanobacteriales*                99               AB542742        Seed; IFB&EGSB T1 T2 T3 abcd (days 106, 195, 298, 365, 409, 430)
  *Methanobacterium formicicum*                                       99                                  HQ591420                         
  *Methanobacterium ferruginis*                                       99                                  AB542743                         
  *Methanobacterium subterraneum*                                     99                                  DQ649330                         
  *Methanobacterium palustre*                                         99                                  DQ649333                         

Dynamic changes in archaeal populations observed by real‐time PCR
-----------------------------------------------------------------

The EGSB and IFB reactors displayed a noticeable disparity in terms of the quantitative composition of the archaeal populations within the methanogenic community during the trial (Fig. [4](#f4){ref-type="fig"}A and B). In particular, a notable difference between the samples taken during mesophilic (37°C to 25°C) and psychrophilic (15°C) reactor operation was an increase in the relative abundance and absolute quantity of the hydrogenotrophic order *Methanomicrobiales* (MMB), which became by far the most prominent group in all reactors under low‐temperature conditions. During mesophilic operation, MMB accounted for only 2.5--3.6% (2.9--4.3 × 10^5^ copies ml^−1^) of the total methanogenic 16S rRNA gene concentration in IFB2 and IFB1 and 0.0--3.3% (1.4 × 10^4^ to 1.1 × 10^6^ copies ml^−1^) in EGSB2 and EGSB1 respectively. The emergence to predominance of MMB was evident in all reactors. In IFB1 and IFB2, the relative abundance of this group had reached 52.8% (1.5 × 10^7^ copies ml^−1^) and 96.7% (4.7 × 10^8^ copies ml^−1^) of the total methanogenic 16S rRNA gene concentration by the end of the trial. In EGSB2 and EGSB1 MMB accounted for respectively 45.7% (3.1 × 10^7^ copies ml^−1^) and 87.7% (1.2 × 10^8^ copies ml^−1^) of the total methanogenic 16S rRNA gene concentration by day 430.

![Absolute quantification of the 16S rRNA gene concentration of the methanogenic/archaeal populations during transition from mesophilic (37°C to 25°C) to psychrophilic (15°C) reactor operation in the (A) IFB and (B) EGSB reactors.](mbt0005-0738-f4){#f4}

The aceticlastic family *Methanosaetaceae* (Mst) was the most abundant group in the seed biomass accounting for 58.4% of the total methanogenic 16S rRNA gene concentration. During 37°C reactor operation, the 16S rRNA gene concentration of Mst was detected at 2.1 × 10^6^ and 3.1 × 10^6^ copies ml^−1^ (18.0% and 26.2% of the total methanogenic 16S rRNA gene concentration) in the IFB2 and IFB1 respectively. In EGSB2 and EGSB1, the 16S rRNA gene concentration of Mst was 5.0 × 10^6^ and 1.5 × 10^7^ copies ml^−1^ (16.1% and 42.9% of the total methanogenic 16S rRNA gene concentration) respectively. At the end of the trial at 15°C, an increase in the 16S rRNA gene concentration of this group was detected at 9.9 × 10^6^ and 1.1 × 10^7^ copies ml^−1^ (2.0% and 38.9% of the total methanogenic 16S rRNA gene concentration) in IFB2 and IFB1 respectively. A similar trend was observed in EGSB1 and EGSB2 with the 16S rRNA gene concentration of 1.5--3.0 × 10^7^ copies ml^−1^ (10.6--45.0% of the total methanogenic 16S rRNA gene concentration).

The aceticlastic family, *Methanosarcinaceae* (Msc), was only detected (i.e. \> 1.28 × 10^1^ copies μl^−1^) in the IFB reactors, and this could have been influenced by the presence of this group during previous experiment as described in Bialek and colleagues ([@b5]), since the present experiment is a continuation of this former work. The 16S rRNA gene concentration of this group showed a marked increase from 1.6 × 10^4^ and 6.5 × 10^3^ (0.1% and 0.1% of the total methanogenic 16S rRNA gene concentration) at 37°C to 5.3 × 10^5^ and 2.6 × 10^6^ copies ml^−1^ (1.8 and 0.5% of the total methanogenic 16S rRNA gene concentration) at 15°C in, respectively, IFB1 and IFB2. *Methanosarcina* numbers could have increased and remained above the detection limit (presumably by retention in biofilms during mesophilic operation with high accumulation of VFA) when the IFB reactors were later operated at 15°C, although no accumulation of acetic acid (reported to be associated with the appearance of *Methanosarcina* and process deterioration (O\'Reilly *et al*., [@b38]) was observed during that period (period III; Fig. [1](#f1){ref-type="fig"}).

The hydrogenotrophic order *Methanobacteriales* (MBT) was the most dominant group at mesophilic temperatures and the 16S rRNA gene concentration of this group was detected at 8.3--9.3 × 10^6^ copies ml^−1^ (70.1--79.4% of the total methanogenic 16S rRNA gene concentration) in IFB1 and IFB2, and 1.8--2.6 × 10^7^ copies ml^−1^ (53.8--83.9% of the total methanogenic 16S rRNA gene concentration) in EGSB1 and EGSB2. Following a reduction in the temperature to 15°C, a decrease in the 16S rRNA gene concentration of this group was observed at 1.9--3.4 × 10^6^ copies ml^−1^ (6.2 to 0.7% of the total methanogenic 16S rRNA gene concentration) in IFB1 and IFB2, and 2.4--6.4 × 10^6^ copies ml^−1^ (1.7--9.4% of the total methanogenic 16S rRNA gene concentration) in EGSB1 and EGSB2.

Quantitative shifts in archaeal populations
-------------------------------------------

Quantitative shifts in the methanogenic communities were visualized using the non‐metric multidimensional scaling (NMS) technique and moving‐window analysis, based on real‐time PCR data. Unlike presented by Bialek and colleagues ([@b5]), the absolute quantity‐matrix based on 16S rRNA gene concentration data appeared to be more applicable in describing the transition from mesophilic to psychrophilic temperature operation with community shift towards hydrogenotrophic methanogens during the 430‐day trial (Fig. [5](#f5){ref-type="fig"}A and B).

![Quantitative shifts in archaeal populations analysed based on the absolute quantity of target methanogenic groups present in the IFB and EGSB reactors and measured by real‐time PCR by (A) non‐metric multidimensional scaling (NMS) and (B) moving‐window analysis. T1 (37°C, day 106); T2 (25°C, day 195); T3a (15°C, day 298), T3b (15°C, day 365); T3c (15°C, day 409), T3d (15°C, day 430).](mbt0005-0738-f5){#f5}

In the NMS plot, the cumulative *r*^2^ represented by the axes was \> 0.9, the final stress value was \< 5, and instability was \< 10^−4^ (Fig. [5](#f5){ref-type="fig"}A). This indicates that our results meet the criteria for an excellent representation (McCune and Grace, [@b31]). The NMS results revealed that the archaeal populations in the reactors shifted in a different manner and grouped separately in response to decreasing temperature (Fig. [5](#f5){ref-type="fig"}A), despite the identical operating conditions. This suggests that the reactor configuration may have a significant effect on the shaping of the methanogenic community structure. The absolute quantity matrix clearly demonstrated a remarkable shift in community structure of the IFB reactors when lowering the temperature (IFB1--I1 and IFB2--I2 from T2 -- 25°C to T3a -- 15°C). Wide shifts, which were especially prominent after transition to 15°C (IFB1--I1 and IFB2--I2 from T3a to T3d), were paralleled by the rapid increase in MMB and Msc populations during the corresponding period. Interestingly, the EGSB matrices showed much smaller shifts in community structure following temperature decrease (EGSB1--E1 and EGSB2--E2 from T2 -- 25°C to T3a -- 15°C). Subsequently, at 15°C a similar trend as in the IFB reactors was observed in the community shift of the EGSB reactors, although much slower than in the IFB reactors. This shift can be mostly attributed to increasing MMB and Mst populations (EGSB1--E1 and EGSB2--E2 from T3a to T3d). Consequently, the IFB and EGSB matrices were located distantly based on samples taken during 15°C operation, demonstrating the different community composition of IFB and EGSB reactors, which could be attributed to slower adaptation of the EGSB biomass to the lower temperature (Fig. [5](#f5){ref-type="fig"}A).

Moving‐window analysis was applied to observe dynamic shifts in the community composition of the IFB and EGSB reactors (Fig. [5](#f5){ref-type="fig"}B). An approach based on the absolute quantity of target methanogenic groups was employed to visualize shifts in quantitative community composition. Moving‐window output of the IFB reactors showed a significant dissimilarity of 87--88% in the IFB1 and IFB2 between T2 (day 195) and T3a (day 298), and between T3a (day 298) and T3b (day 365). In contrast, the output from the EGSB reactors indicated 56--51% dissimilarity in the EGSB1 and EGSB2 between T3b (day 365) and T3c (day 409), and between T3c (day 409) and T3d (day 430). The time difference in shifts of the methanogenic communities between the IFB and EGSB reactors could indicate that the IFB reactors responded much quicker to the temperature decrease to 15°C, while in the EGSB reactors this change was slower and methanogenic communities required more time to adapt (Fig. [5](#f5){ref-type="fig"}B).

Discussion
==========

Process performance
-------------------

Dairy wastewater is a complex substrate composed of easily degradable carbohydrates, mainly lactose, and less bioavailable proteins and lipids (Fang and Yu, [@b15]; Tommaso *et al*., [@b50]). The latter are responsible for the typical problems associated with high‐rate AD of dairy waste effluents (Perle *et al*., [@b39]). Hydrolysis of proteins and lipids is reported to strongly decline with decreasing temperature, especially approaching 15°C (Tommaso *et al*., [@b50]). Given these reports, and considering the fact that skimmed dairy wastewater was used in the present study (Table [3](#t3){ref-type="table"}), decreased protein degradation/hydrolysis can be assumed to be mainly responsible for the declining process performance in our digesters.

###### 

Composition of skimmed‐milk powder.

  Parameter   \% of COD   COD (mg l^−1^)
  ----------- ----------- ----------------
  Proteins    40          1600
  Sugars      55          2200
  Fats        1           40
  Others      4           160
  Total       100         4000

Casein is the major protein in milk (up to 80% of the total proteins) and in dairy effluents. When fed to acclimated anaerobic reactors, degradation of casein is rapid, due to strong proteolytic activity, and the degradation products are non‐inhibitory (Perle *et al*., [@b39]). This was likely the case in the systems investigated, with \> 80% PRE recorded during acclimated mesophilic conditions of 37--25°C (Fig. [1](#f1){ref-type="fig"}). The fluctuations in effluent VFA concentration (Fig. [1](#f1){ref-type="fig"}) observed at mesophilic temperatures were therefore, most probably due to rapid hydrolysis and fermentation of carbohydrates and proteins into VFA. A gradual decrease in COD RE (Fig. [1](#f1){ref-type="fig"}), however, occurred immediately after the temperature reduction to 15°C, coupled with an instantaneous decrease in residual VFA concentrations and significant drop in PRE of *c*. 60% in the IFB and EGSB reactors. Since no VFA build‐up was observed at 15°C, it is considered that protein hydrolysis had become the rate‐limiting step.

Following the immediate drop in PRE to 60%, the IFB system demonstrated a successful adaptation to low temperature operation and, after a brief temporal instability, \> 78% COD RE and \> 77% PRE was recorded at psychrophilic, steady‐state operation (Fig. [1](#f1){ref-type="fig"}). On the other hand, the EGSB system displayed a slower adaptation to low temperature operation, with a performance of 58% PRE 45 days after the temperature decrease, and long unstable performance, with minimum values of 13% PRE and \< 60% COD RE (Fig. [1](#f1){ref-type="fig"}).

We propose that the better flexibility and adaptability of the IFB biomass to low temperature might originate from the spatial arrangement of fixed fluidized biomass that developed in the IFB (Fig. S1) playing an important role in differences in transfer of intermediates and optimal degradation of substrates (Grotenhuis *et al*., [@b18]). At low temperatures, the viscosity of effluents increases and, therefore, the diffusion of soluble compounds will drop, particularly in sludge bed reactors that become less easily mixed (Lettinga *et al*., [@b28]). There was no evidence of granulation of the biomass in the EGSB reactor, which was seeded with crushed granular sludge as inoculum and the biomass remained a non‐granular floculant sludge throughout the trial (Fig. S1). Furthermore, the advantage of the IFB configuration over the EGSB in this experiment might arise from the use of floatable particles with a specific density lower than the liquid, thus particles were fluidized downward (Garcia‐Calderon *et al*., [@b17]) and better substrate--biomass contact might be attained. Due to the large specific area, the support particles can retain more biomass (Alvarado‐Lassman *et al*., [@b2]), which is especially crucial during transitional and permanent changes in operating conditions, like the temperature variation investigated in this study.

Microbial population dynamics
-----------------------------

Understanding the impact of disturbances, such as temperature shocks or permanent temperature decrease, on process stability and performance will undoubtedly shed more light on the process of LTAD when placed in the context of microbial community dynamics. Together with increased knowledge on the impact of reactor configuration on the functional stability of microbial communities, informed decisions can be enabled regarding the optimal reactor type and process conditions for a given wastewater. A robust LTAD system must possess the ability to maintain process stability in response to disturbances and it has been reported that in general systems with more dynamic communities have greater functional and process stability (Hashsham *et al*., [@b19]; Carballa *et al*., [@b8]; Werner *et al*., [@b53]). We thus considered our data in the context of the model proposed by Allison and Martiny ([@b1]), which divides the population dynamics that maintain community function over time into three basic mechanisms (resistance, resilience or redundancy) to address the process performance of the IFB and EGSB reactors investigated.

A microbial community is resistant if it is similar across a variety of environmental conditions and, therefore, it is difficult to perturb from an original state (Allison and Martiny, [@b1]). Initially, identical bacterial populations at mesophilic temperatures, as observed by the UPGMA cluster analysis, suggested resistance of the bacterial populations composition (Fig. [2](#f2){ref-type="fig"}): 100% similarity between IFB T1 (37°C) and IFB T2 (25°C) and \> 95% similarity between EGSB T1 (37°C) and EGSB T2 (25°C). A similar trend was observed with the archaeal population behaviour between the two studied mesophilic temperatures where, for example, the EGSB and the IFB populations showed 80% similarity between T1 (37°C) and T2 (25°C) based on the NMS and moving window matrix (Fig. [5](#f5){ref-type="fig"}A and B). The methanogenic community composition was thus resistant to the temperature change from 37°C to 25°C, indicating metabolic flexibility and physiological tolerance to the applied disturbance in this mesophilic temperature range. A further temperature decrease to 15°C showed that the community was, however, sensitive to the disturbance and resulted in an altered microbial composition (Fig. [5](#f5){ref-type="fig"}A and B), indicating that the community responded to the second temperature disturbance using one of the mechanisms discussed below.

The microbial composition of reactor biomass is resilient if it is sensitive to a disturbance and changes, but quickly recovers to its initial composition (Allison and Martiny, [@b1]). This mechanism was not observed in the systems and timescale investigated because after the disturbance the community did not return to its original composition. Werner and colleagues ([@b53]) reported that resilience was important to maintain the function of syntrophic populations over time in mesophilic brewery wastewater treatment facilities. These authors concluded that syntrophic bacteria had very specialized metabolic functions within the overall trophic structure, which made them more likely to rebound after a disturbance, rather than undergoing competitive growth with different syntrophs that have a similar function in the microbial consortium.

Whether the microbial composition rebounds, or not, is possibly determined by the severity of the disturbance and importance of the disturbance on the process stability and performance. It may be possible, for example, that the microbial composition of the anaerobic reactor subjected to a slight variation or short disturbance in environmental conditions returns to its original composition after such a disturbance. Madden and colleagues ([@b30]) investigated the effect of transient (but severe) perturbations on the methanogenic community structure and process performance of replicate EGSB‐based reactors. Their cluster analyses of DGGE data suggested that temporal shifts in microbial community structure were predominantly independent of the applied perturbations (Madden *et al*., [@b30]), although it is important to point out that community dynamics were monitored only via DGGE, where gel‐to‐gel variation and relatively low sensitivity (compared with qPCR) are limiting to ensure reproducibility and detection of minor populations or subtle population changes (Talbot *et al*., [@b47]). Recent studies point out the limitations of studies based only on the DNA (Raes and Bork, [@b40]; Nelson *et al*., [@b36]; Wendeberg *et al*., [@b52]). Future studies should therefore focus on functional investigations to unravel metabolic activity of the microbial communities underpinning the AD processes.

When the community composition is sensitive, and not resilient, it might produce process rates similar to the original community in case the members of the community are functionally redundant (Allison and Martiny, [@b1]). The highly dynamic community structure during well‐functioning periods (Fig. [5](#f5){ref-type="fig"}A and B) may be explained by the functional redundancy among diverse phylogenetic groups, allowing oscillations of their populations, due to the presence of a reservoir of species able to perform the same ecological function with no effects on the reactor performance (Zumstein *et al*., [@b58]; Briones and Raskin, [@b7]). The stability of reactor performance, especially that of the IFB reactors, after the temperature shift from 25°C to 15°C and consequent change in methanogenic community composition, could be explained by functional redundancy in one, or more, steps of the methanogenic pathway.

Microbial community composition
-------------------------------

Methanogenesis can proceed through two pathways, where acetate and/or hydrogen and carbon dioxide are converted into methane, termed as aceticlastic methanogenesis and hydrogenotrophic methanogenesis respectively. Under certain conditions, homoacetogenic bacteria can compete with hydrogenotrophic methanogenesis for hydrogen (hydrogen is used to reduce carbon dioxide to acetate (Lovley and Klug, [@b29]). Homoacetogenesis has been observed under psychrophilic conditions, and some studies have reported that homoacetogens have a better ability to adapt to low temperatures than hydrogenotrophic methanogens (Kotsyurbenko *et al*., [@b24]; Nozhevnikova *et al*., [@b37]). No acetic acid accumulation (Fig. [1](#f1){ref-type="fig"} presented as sum of VFA) was, however, observed at 15°C in this study. Competition between these groups did become apparent, when the temperature of the reactors was reduced to 15°C, as indicated by the bacterial DGGE results (Fig. [2](#f2){ref-type="fig"}).

Sequence B21 was present in both systems, only after the transition to 15°C, and showed 99% similarity to *Acetobacterium carbinolicum* and *Acetobacterium psammolithicum* (phylum *Firmicutes*; Table [1](#t1){ref-type="table"}). Both organisms were formerly described as psychro‐active homoacetogenic bacteria, capable of growing at temperatures from 1°C to 35°C, with optimal growth between 20°C and 30°C (Conrad *et al*., [@b12]; Simankova *et al*., [@b44]). Enhanced activity of psychrotolerant homoacetogenic bacteria, followed by acetoclastic methanogenesis, has been previously reported to be important in the degradation of organic matter under low temperature conditions (Schulz and Conrad, [@b42]). There are also reports that homoacetogenic formation of acetate can bypass the formation of fatty acids and H~2~, which could explain suppressed VFA production in our systems at 15°C, similar to that described for the decomposition of organic matter in anoxic paddy soil at low temperature (Chin and Conrad, [@b9]), or for the acidic sediment of Knaack Lake (Conrad *et al*., [@b13]). No increase in the maximum specific methanogenic activity with acetate as the substrate was noted with the biomass sampled from either reactors following the temperature decrease to 15°C (data not shown) and the quantitative analysis of methanogenic community structure did not record a large increase in acetoclastic methanogens (Fig. [4](#f4){ref-type="fig"}).

Phylogenetic analyses of the archaeal DGGE bands A1--A3 (Fig. [3](#f3){ref-type="fig"}B) indicated that hydrogen‐utilizing *Methanocorpusculum*‐like organisms (order *Methanomicrobiales*) were prominent after transition to low temperature. The *Methanocorpusculum*‐like organisms deduced from A3 of the IFB system were likely to be the major hydrogenotrophic population in the low temperature reactor from day 365 (T3b, 15°C) onwards. In case of the EGSB reactor some part of the MMB population shifted towards *Methanospirillum*‐like organisms deduced from A8 (T3a, 15°C) from day 298 onwards. Many studies have indeed documented that methanogenesis predominantly proceeded through the hydrogenotrophic route in low‐temperature anaerobic reactors (Syutsubo *et al*., [@b45]; O\'Reilly *et al*., [@b38]; McKeown *et al*., [@b34]). In these situations, conditions with low hydrogen availability and high biomass concentration seemed to favour hydrogenotrophic methanogens due to their higher affinity for H~2~ and thus they out‐competed homoacetogens for hydrogen (Kotsyurbenko, [@b23]). It has been further proposed that hydrogen metabolism is thermodynamically and metabolically more favourable than acetate utilization; and that a higher level of hydrogen can be retained in the system (i.e. increased gas solubility) at low temperature (Lettinga *et al*., [@b28]; Kotsyurbenko, [@b23]). Supporting this, other authors (O\'Reilly *et al*., [@b38]; McKeown *et al*., [@b34]; Siggins *et al*., [@b43]) clearly demonstrated the temporal methanogenic community shifts towards the dominance of hydrogenotrophs, especially the order *Methanomicrobiales*, in low‐temperature reactors compared with mesophilic systems. Hydrogenotrophic MMB showed a 1600‐ to 2200‐fold increase in the 16S rRNA gene concentration from its minimum to maximum, corresponding to mesophilic and psychrophilic reactor operation in the IFB and EGSB reactors respectively (Fig. [4](#f4){ref-type="fig"}). Indeed, given this remarkable rise, low temperature appeared to be the major factor facilitating the emergence to dominance of this group in our reactors.

Experimental procedures
=======================

Reactor operation and biomass sampling
--------------------------------------

Replicate laboratory‐scale IFB (IFB1 and IFB2) and EGSB (EGSB1 and EGSB2) reactors treating synthetic skimmed dairy wastewater (Table [3](#t3){ref-type="table"}) were operated continuously for 430 days, in three periods (I to III) differentiated by operating temperature, from 37°C (period I, days 1--107), 25°C (period II, days 108--234) and 15°C (period III, days 235--430). This study is a continuation of the 200‐day experiment at 37°C described in Bialek and colleagues ([@b5]), thus a similar experimental approach has been employed to allow further comparison of the data. All reactors were operated at 24 h HRT, until day 294, when the HRT was changed to 48 h and further to 36 h on day 409. The performance of the reactors was evaluated on the basis of organic loading rate (OLR), chemical oxygen demand (COD), RE, EC and PRE. During periods I and II, the reactors were subjected to a fixed loading (OLR of 167 mg COD l^−1^ h^−1^ and HRT of 24 h) and during period III (15°C), the reactors were subjected to variable loading rates of 167, 83 and 111 mg COD l^−1^ h^−1^, corresponding to 24, 48 and 36 h HRTs respectively. The length of each period was determined based on the stability of the reactor performance over time. RE, OLR and EC were calculated as described by Kumar and colleagues ([@b25]).

For microbial community analysis, biomass samples were directly collected from each reactor at every temperature tested and designated accordingly for the duplicate IFB and EGSB reactors as: T1 (37°C, day 106); T2 (25°C, day 195); T3a (15°C, day 298), T3b (15°C, day 365); T3c (15°C, day 409), T3d (15°C, day 430). Biomass was sampled in duplicate (2 × 50 ml) and the estimated biomass concentration is provided in Table S1. Biomass for T1 and T2 was sampled during steady state and prior to changing operating conditions. During 15°C operation (T3), biomass was sampled more frequently to reflect the influence of operating and environmental conditions on the microbial community composition. Samples were first mechanically disrupted by manual grinding with a pestle and mortar and diluted 10‐fold with deionized and distilled water prior to DNA extraction as described previously (Bialek *et al*., [@b5]). All DNA extractions were performed in duplicate.

Biomass samples collected directly from each reactor were also fixed for scanning electron microscopy analysis (SEM) using the protocol described by Katuri and colleagues ([@b21]).

qPCR
----

Real‐time PCR (qPCR) analysis was performed using a LightCycler 480 instrument (Roche, Mannheim, Germany). In this study qPCR analysis was performed using two methanogenic order‐specific primer and probe sets: MBT, MMB, and two methanogenic family‐specific primer and probe sets: Msc and Mst, which cover most methanogens in anaerobic digesters (Yu *et al*., [@b56],[@b57]; Lee *et al*., [@b26]). Methanogens are classified in five orders within the domain *Archaea* which can be grouped into two guilds, aceticlastic and hydrogenotrophic methanogens, determined by methane production pathways. Aceticlastic methanogens include only *Methanosarcinales*, which comprises two families, Mst utilizing only acetate and Msc utilizing acetate as well as various methyl compounds and hydrogen (Boone *et al*., [@b6]). Because those two aceticlastic methanogens play a crucial role in overall methanation (i.e. \> 70% of methane is originated from acetate in most anaerobic systems) and the significant physiological differences between the two aceticlastic families (Hori *et al*., [@b20]; Yu *et al*., [@b55]), they were monitored at family level, instead of order level. Hydrogenotrophic methanogens comprise of four orders, i.e. MBT, *Methanococcales*, MMB and *Methanopyrales*, which utilize only H~2~ + CO~2~, formate or methanol to produce methane (Boone *et al*., [@b6]). Because the *Methanopyrales* members are not likely to be present in anaerobic processes due to their extremely high growth temperature (\> 80°C) (Boone *et al*., [@b6]) and the members of *Methanococcales* are normally not found in anaerobic reactors, presumably since organisms from this group require high‐salt conditions \[0.3--9.4% (w/v) NaCl\] for their growth (Boone *et al*., [@b6]), these two orders were left out of consideration in the present study. All DNA templates were analysed in duplicate. Quantitative standard curves were constructed using the representative strains corresponding to each primer and probe set, targeting the specific methanogenic groups (MBT, MMB, Msc, Mst), as described previously (Yu *et al*., [@b57]; Bialek *et al*., [@b5]).

Statistical analysis
--------------------

Non‐metric multidimensional scaling was performed based on the real‐time PCR results to visualize the quantitative shifts of methanogenic populations during reactor operation (McCune and Grace, [@b31]). The absolute quantity matrix of the target methanogenic groups detected by the qPCR assay (MBT, MMB, Msc and Mst) was created. Moving‐window analysis was also carried out based on the absolute quantity matrix to monitor the variations in methanogenic community composition associated with decreases in the applied temperature of consecutive samplings in all reactors (Wittebolle *et al*., [@b54]; Bialek *et al*., [@b5]). The community similarity between two consecutive time points was used as the indicator of community variation in response to the corresponding temperature change. The Sørensen distance measure in the PC‐ORD software ver. 5.0 (McCune and Grace, [@b31]) was employed for both analysis.

Archaeal and bacterial DGGE
---------------------------

Archaeal and bacterial 16S rRNA genes were amplified by PCR using the primer sets ARC GC 787F and ARC 1059R (Takai and Horikoshi, [@b46]), BAC GC 338F and BAC805 R (Yu *et al*., [@b56],[@b57]) respectively. Touchdown PCR, PCR products purification, sequencing, sequencing alignment and phylogenetic analyses were performed as described previously (Bialek *et al*., [@b5]). DNA from DGGE experiments were sequenced in Germany by Eurofins MWG Operon. Phylogeny was calculated using the neighbour‐joining method (Saitou and Nei, [@b41]). Bacterial distances were computed using the maximum composite likelihood method (Tamura *et al*., [@b49]) and archaeal distances were computed using the Kimura 2‐parameter method (Kimura, [@b22]) and are in the units of the number of base substitutions per site. The bootstrap consensus trees inferred from 1000 replicates are taken to represent the evolutionary history of the taxa analysed (Felsenstein, [@b16]).

The UPGMA (McCune and Grace, [@b31]) was selected to perform statistical analysis of the DGGE profiles. The scanned DGGE gel image was processed with Phoretix 1D (previously TotalLab TL120 software; TotalLab, Newcastle upon Tyne, UK) to construct a binary matrix, where the presence or absence of each band was scored with 1 or 0, respectively, without considering band intensity. Construction of the dendogram via hierarchical clustering was performed based on the Sørensons (Bray--Curtis) distance measurement using MEGA 4 software (Tamura *et al*., [@b48]).

All nucleotide sequence data reported in this study were deposited in the GenBank database under accession numbers ARC: JF952003--JF952011 and BAC: JF927800--JF927829.

Analytical analysis
-------------------

Biogas and effluent from all reactors were sampled every second day to analyse respectively, the biogas methane content and residual effluent COD concentration according to standard methods (APHA, [@b3]). Analysis of effluent VFA were performed in a Varian Saturn 2000 GC/MS system, with CombiPAL autosampler (Varian, Walnut Creek, CA) as described previously (Bialek *et al*., [@b5]). Total protein quantification in the effluent samples was performed using the *RC DC* protein assay kit (Bio‐Rad). All analyses were performed in duplicate.
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Reactor configuration and zoom in showing scanning electron microscopy (SEM) images of the biofilm biomass from (A) the inverted fluidized bed (IFB) and (B) expanded granular sludge bed (EGSB) reactors.
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Evaluation of biomass concentration in the reactors over the 430‐day trial.
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